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Elevated plasma lipoprotein(a) [Lp(a)] levels consti-
tute an independent risk factor for the development
of atherosclerosis. However, the mechanism underly-
ing Lp(a) atherogenicity is unclear. Recently, we dem-
onstrated that Lp(a) may potentially be proatherogenic
in transgenic rabbits expressing human apolipopro-
tein(a) [apo(a)]. In this study, we further investigated
atherosclerotic lesions of transgenic rabbits by mor-
phometry and immunohistochemistry. On a choles-
terol diet, human apo(a) transgenic rabbits had more
extensive atherosclerotic lesions of the aorta, carotid
artery, iliac artery, and coronary artery than did non-
transgenic littermate rabbits as defined by increased
intimal lesion area. Enhanced lesion development in
transgenic rabbits was characterized by increased ac-
cumulation of smooth muscle cells, that was often
associated with the Lp(a) deposition. To explore the
possibility that Lp(a) may be involved in the smooth-
muscle cell phenotypic modulation, we stained the
lesions using a panel of monoclonal antibodies
against smooth-muscle myosin heavy-chain isoforms
(SM1, SM2, and SMemb) and basic transcriptional
element binding protein-2 (BTEB2). We found that a
large number of smooth muscle cells located in the
apo(a)-containing areas of transgenic rabbits were
positive for SMemb and BTEB2, suggesting that these
smooth muscle cells were either immature or in the
state of activation. In addition, transgenic rabbits
showed delayed fibrinolytic activity accompanied by
increased plasma plasminogen activator inhibitor-1.
We conclude that Lp(a) may enhance the lesion de-
velopment by mediating smooth muscle cell prolifer-
ation and dedifferentiation possibly because of im-
paired fibrinolytic activity. (Am J Pathol 2002,
160:227–236)

Lipoprotein(a) [Lp(a)] closely resembles low-density li-
poprotein (LDL) in both lipid composition and the pres-
ence of apolipoprotein (apo) B-100 (apoB-100). Lp(a) is
distinguished from LDL by the presence of an additional
protein designated as apolipoprotein(a) [apo(a)], which
is complexed to apoB-100 by disulfide linkage.1,2 Plasma
Lp(a) concentrations vary �1000-fold in the human pop-
ulation, ranging from �0.1 to �100 mg/dL. Lp(a) levels
are under strict genetic control and are generally not
affected by diet, exercise, or drug intervention. Since
Lp(a) was discovered by Berg in 1963,3 numerous cross-
sectional and prospective studies have revealed that
high plasma levels of Lp(a) are associated with human
cardiovascular disease such as coronary heart diseases,
stroke, and restenosis,4–6 although several studies failed
to detect such an association.7,8 The involvement of
Lp(a) in the pathogenesis of atherosclerosis was initially
suggested by the presence of Lp(a) in human atheroscle-
rotic lesions.9,10

On the basis of a partial amino acid sequence, fol-
lowed by a complete analysis of the nucleotide sequence
of cloned apo(a) complementary DNA (cDNA), extensive
homology was revealed between apo(a) and plasmino-
gen.11,12 This has led investigators to suggest that the
proatherogenic association of high Lp(a) concentrations
may result from its atherogenic potential as a cholesterol-
rich lipoprotein particle after receptor-mediated uptake
and/or the sequence mimicry between apo(a) and plas-
minogen, leading to an inhibition of plasminogen’s anti-
thrombotic effects13 and anti-proliferative effects on
smooth muscle cells (SMCs) through the inhibition of
conversion of the active form of transforming growth fac-
tor-� (TGF-�).14–16 One possible mechanism is that Lp(a)
may exert anti-fibrinolytic effects by competitively inhib-
iting the binding of plasminogen to cells and fibrin.13

Thus far, in vitro data support these hypotheses, but
whether or not these mechanisms are operating in vivo
remains to be determined. The development of trans-
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genic mice expressing human apo(a) provided an alter-
native means to study apo(a) functions.17–20 However,
unlike in humans, in which nearly all plasma apo(a) is
associated with apoB-100, the human apo(a) in the trans-
genic mice circulates in a free form in the plasma rather
than in association with the murine LDL.20 Despite this,
expression of human apo(a) resulted in increased aortic
fatty streak formation when these apo(a) transgenic mice
were fed a high-fat diet,17,21,22 although other studies
failed to reproduce the atherogenic effect of the apo(a) in
transgenic mice expressing either human apo(a) alone or
both human apo(a) and apoB.23,24 These results may
suggest that a certain strain of mouse with a different
genetic background may be resistant to the atherogenic
effects of apo(a).

To define the metabolic and pathological conse-
quences of Lp(a), our laboratory generated transgenic
rabbits expressing human apo(a) and showed that hu-
man apo(a) is efficiently assembled into Lp(a) in the
plasma.25 Recently, we reported that Lp(a) substantially
increases the development of atherosclerosis (surface
area involvement defined by Sudan IV staining) in trans-
genic rabbits fed a cholesterol-rich diet.26 To explore the
mechanism(s) underlying Lp(a) atherogenicity, the
present study was designed with three goals in mind: 1)
to determine the influence of Lp(a) on SMC proliferation
and dedifferentiation, namely, phenotype changes, dur-
ing atherosclerosis in transgenic rabbits; 2) to disclose
whether the TGF-� pathway may be involved in the lesion
formation; and 3) to determine whether Lp(a) inhibits the
fibrinolytic process in transgenic rabbits. Our results re-
vealed that Lp(a) may enhance the lesion development
by stimulating SMC proliferation and dedifferentiation
possibly through impaired fibrinolytic activity.

Materials and Methods

Rabbits

A total of 11 (5 male and 6 female) transgenic and 18 (10
male and 8 female) nontransgenic littermates at the age
of 4 to 5 months were fed a diet containing 0.3% choles-
terol and 3% soybean oil by weight for 16 weeks as
described previously.26 All rabbits were housed in a sin-
gle cage in a pathogen-free animal facility on a 12-hour
dark/12-hour light cycle and had free access to food and
water. All animal experiments were performed with the
approval of the Animal Research Committee of the Uni-
versity of Tsukuba.

Analysis of Plasma Lipids and Lipoproteins

Plasma total cholesterol and triglycerides were measured
using enzymatic assays (Wako Chemicals, Osaka, Ja-
pan). Plasma lipoproteins and plasma levels of human
apo(a) were determined by an enzyme-linked immu-
nosorbent assay using human recombinant apo(a) as a
standard.27,28

Quantitative Analysis for Histology and
Immunohistochemistry

Rabbits were euthanized with an overdose injection of
sodium pentobarbital solution (Abbott Laboratories,
North Chicago, IL). A thoracotomy and laparotomy were
performed to expose the heart and the entire arterial tree,
which included both common carotid arteries, the whole
aorta, and both common iliac arteries (Figure 1). In this
study, we attempted to make histologically quantitative
and qualitative analyses on each part of the arterial wall
by measuring the intimal lesion area and quantifying the
cellular components (SMC versus macrophages). For
these purposes, the representative lesion-prone seg-
ments of the aorta, carotid artery, and iliac artery were cut
in cross-sections as shown in Figure 1, embedded in
paraffin, and stained with hematoxylin and eosin and
Elastica-van Gieson.

Analysis of relative distribution of SMCs and macro-
phages in the lesions was performed with a computer-
assisted MacSCOPE image analysis system26 after im-
munohistochemical staining for HHF35 and RAM11
monoclonal antibody (mAb), respectively, using a Hist-
ofine Sab-Po(M) kit (Nichirei Co., Tokyo, Japan) accord-

Figure 1. Schematic illustration of the whole arterial tree of rabbits and
selected lesion sites for section analyses. Number in parentheses indicates
the representative areas of each part of the artery selected for tissue section
and measurement of intimal lesion areas. (1–3), Arch; (4–5), thoracic aorta;
(6), abdominal aorta; (7–8), iliac arteries; (9–10), common carotid arteries.
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ing to the manufacturer’s instructions. The whole glass
slide was loaded in a Pathscan Enabler (Meyer Instru-
ment, Inc., Houston, TX) and scanned at a resolution of
1012 pixels in 24-bit full color with use of a Polascan 35
Ultra scanner (Polaroid Co., Tokyo, Japan). A color
threshold mask for immunostaining was defined to detect
the red color by sampling and the same threshold was
applied to all specimens. The percentage of the total area
with positive color for each section was recorded and
expressed as percent for each cellular distribution. The
left coronary artery was used for the evaluation of coro-
nary atherosclerosis as described.29

Antibodies (Abs) used for this study were listed in
Table 1. In this study, we were specifically interested in
SMC phenotypes in the lesions with use of a panel of Abs
against smooth muscle myosin heavy chains (SM1, SM2,
SMemb) and basic transcriptional element binding pro-
tein-2 (BTEB2), which mediates the transcriptional regu-
lation of the SMemb gene during phenotypic modulation
of SMCs.30–32 In addition, we also attempted to evaluate
the relative changes in the contents of plasminogen and
plasminogen activator inhibitor 1 (PAI-1), TGF-� (both
latent and active forms), and TGF-� receptors I and II in
the lesions. Evaluations of immunohistochemical staining
were made by two independent trained observers
blindly.

Euglobulin Clot Lysis Assay and PAI-1 Analysis

Plasma levels of total amount of PAI-1 in cholesterol-fed
rabbits were measured by latex photometric immunoas-
say (SRL Inc., Tokyo, Japan). To reveal whether trans-
genic rabbit Lp(a) would inhibit the fibrinolytic process,
rabbit plasma in the presence of sodium citrate was
immediately frozen and delivered in dry ice to Dr. Mau-
rhofer Olivier (Symphar Co., Geneva, Switzerland) for
analysis. Plasma Lp(a) was isolated from Lp(a)-rich frac-
tions of cholesterol-fed transgenic rabbits by ultracentrif-
ugation at a density of 1.12 g/ml33 and analyzed by the

euglobulin clot lysis assay as described by others.34

Recombinant human apo(a) prepared from transfected
mammalian cells was used as a positive control.

Statistic Analysis

Plasma lipids were compared in the groups of rabbits by
using the Student’s t-test, and the lesion analyses were
compared using the Mann-Whitney U test for nonpara-
metric analysis. In all cases, statistical significance was
set at P � 0.05.

Results

Plasma Lipids and Lipoprotein Profiles

The average human apo(a) levels in transgenic rabbits
were 8.1 � 3.9 mg/dL in males and 8.8 � 3.3 mg/dL in
females; total cholesterol levels in plasma and body
weight were identical between transgenic and control
rabbits (Table 2). Agarose gel electrophoresis analysis
revealed that expression of human apo(a) did not lead to
marked changes in lipoprotein profiles in transgenic rab-
bits compared to nontransgenic rabbits (Figure 2). The
lipoprotein profiles and Lp(a) distribution of cholesterol-
fed rabbits were further studied by sequential density
ultracentrifugation.35 As shown in Figure 3A, in gen-
eral, transgenic and nontransgenic rabbits exhibited a
similar pattern of lipoprotein profiles; there was a
marked increase in apoB-containing lipoproteins in-
cluding lipoproteins with d � 1.006 (mainly �-very
low-density lipoprotein) and also those with d � 1.006
to 1.02 (intermediate-density lipoproteins); and those
with d � 1.02 to 1.04 (LDL) in both transgenic and
nontransgenic rabbits. Basically, apoB contents in each
density fraction of transgenic rabbits were almost identi-
cal to those of nontransgenic rabbits (Figure 3B). Human
apo(a) was concomitantly distributed in a range of apoB-

Table 1. List of Antibodies Used for the Current Study

Antibodies Dilution Species Manufacturers

Apo(a) �200 Mouse Reference 25
ApoB �200 Goat RockLand Inc., Gilbertsville, PA
RAM11 �12000 Mouse Dako Japan Inc., Tokyo, Japan
HHF-35 �50 Mouse Enzo Biochemicals, NY
Plasminogen/plasmin �100 Mouse American Diagnostica, Inc., Greenwich, CT
Plasminogen �100 Mouse TechnoClone, Vienna, Austria
Plasminogen �100 Mouse Advanced Immunochemical, Inc., Long Beach, CA
TGF-�1 �100 Mouse Biosource International, Camarillo, CA
LAP(TGF-�1) �100 Goat R&D Systems Inc., Minneapolis, MN
TGF-�RI(V22) �200 Goat Santa Cruz Biotech, Inc., Santa Cruz, CA
TGF-�RII(L21) �200 Goat Santa Cruz Biotech, Inc., Santa Cruz, CA
PAI-1 �200 Mouse American Diagnostica, Inc., Greenwich, CT
SM1 �3000 Mouse Yamasa, Inc., Tokyo, Japan
SM2 �400 Mouse Yamasa, Inc., Tokyo, Japan
SMemb �3000 Mouse Yamasa Inc., Tokyo, Japan
BTEB2 �4000 Mouse Yamasa Inc., Tokyo, Japan

HHF-35, smooth muscle �-actin; RAM11, rabbit monocyte/macrophages; SM1, smooth muscle-specific myosin heavy-chain isoform; SM2, myosin
heavy-chain-specific to well-differentiated smooth muscle cells; SMemb, non-muscle myosin heavy chain; BTEB2, basic transcriptional element-binding
protein-2; TGF-�, transforming growth factor-�; LAP, latency-associated peptide of TGF-�1; TGF-�R, TGF-� receptor; PAI-1, plasminogen activator
inhibitor.
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containing lipoproteins: d � 1.006, d � 1.006 to 1.02, and
d � 1.02 to 1.04 g/ml. This indicates that human apo(a)
formed Lp(a) complexes with rabbit apoB (Figure 3C)
even though their association was not completely cova-
lent because of the difference in the cysteine residue site
between rabbit and human apoB.26

Quantification of Atherosclerotic Lesions

Table 2 summarizes the results of cross-sectional lesion
area in transgenic and nontransgenic rabbits. In all parts
of the aorta (except abdominal aorta in females) and iliac
and carotid arteries, transgenic rabbits had significantly
greater lesions than those of nontransgenic rabbits al-
though female rabbits, both transgenic and nontrans-
genic, developed relatively fewer lesions than their male
counterparts in each group. The reason for less effect of
Lp(a) on the lesion formation in females than that in males
may be in part, because of protective functions of estro-
gen.36

It is worth noting that lesions were extensive in iliac and
carotid arteries, resulting in a 10- and 18-fold increase in
male transgenics compared to controls. In female control
rabbits, no lesions were found in the selected sections
(Table 2).

Table 2. Comparison of the Extent of Atherosclerosis, the Average Plasma Cholesterol, and Body Weights in Transgenic and
Control Rabbits

Variables

Male Female

Transgenic
(n � 5)

Control
(n � 10)

Transgenic
(n � 6)

Control
(n � 8)

Total cholesterol (mg/dL) 696 � 92 722 � 110 1315 � 546 1234 � 375
Human apo(a) (mg/dL) 8.1 � 3.9 ND† 8.8 � 3.3 ND
Body weight (kg)** 3.3 � 0.3 3.3 � 0.4 3.4 � 0.3 3.5 � 0.2

Intimal lesion area (�m2)
Arch 160 � 66* 43 � 24 121 � 79* 49 � 23
Thoracic 10 � 10* 1 � 4 18 � 15* 1 � 2
Abdominal 52 � 23* 13 � 5 24 � 17 19 � 15
Iliac A. 21 � 9* 2 � 5 4 � 5 ND
Carotid A. 18 � 12* 1 � 3 4 � 5 ND

Values are expressed as mean � SD.
*P � 0.05 versus control rabbits; **, at the end of 16-week cholesterol-rich diet experiment.
†ND referes to not detectable.
The lesion area on cross-section was measured with image analysis system described in Materials and Methods.

Figure 2. Plasma lipoprotein in rabbits on chow and cholesterol diets.
Plasma (2 �l) from chow-fed rabbits (left) and cholesterol-fed rabbits for 16
weeks (right) was electrophoresed on a 1% agarose gel and stained for
neutral lipids with Fat red 7B. Arrowheads indicate original position.

Figure 3. Apolipoprotein distribution in transgenic and nontransgenic rabbit plasma on cholesterol diet for 16 weeks. The plasma lipoproteins from a fasting
transgenic male rabbit (top) and a nontransgenic male rabbit (bottom) were isolated by sequential density ultracentrifugation. Lipoproteins (8 �l) were visualized
with Fat red 7B (A), which stains neutral lipids. To analyze the distribution of apoB (B) and apo(a) (C), 2 �l of each lipoprotein fraction was resolved by 1%
agarose gel electrophoresis. Immunoblotting was performed as described in Materials and Methods.
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Coronary artery atherosclerosis was evaluated by
measuring the intimal thickness and lesion area of the left
main trunk. As shown in Table 3, male and female trans-
genic rabbits showed increased lesion size as compared
to control rabbits, although the enhanced extent of le-
sions in female transgenic rabbits did not reach statistical
significance. As in the case of the aortas and carotid and
iliac arteries, female rabbits developed less coronary
atherosclerosis than the male animals.

Histological and Immunohistochemical Staining

Histological observation revealed that atherosclerotic le-
sions in control rabbits were mainly composed of macro-
phage-derived foam cells and a relatively small number
of SMCs (Figure 4A). In apo(a) transgenic rabbits, how-
ever, the atherosclerotic lesions varied from foam cell-
rich lesions to spindle-shaped, cell-rich lesions (Figure 4;
B, C, and D), presumably SMCs that were either positive

(from strong to weak staining intensity) or negative for
smooth muscle �-actin mAb (see below).

To evaluate the distribution of SMCs and macrophages
in the lesions, we selected the aortic arch with the most
extensive lesions in aorta and coronary artery of male
rabbits and quantified the immunostaining area after im-
munohistochemical staining for HHF35 and RAM11 Abs.
We found that the atherosclerotic lesions in transgenic
rabbits contained relatively more SMCs and fewer mac-
rophages than those in nontransgenic rabbits in both the
aorta and coronary artery (Figure 5). The ratios of SMCs
to macrophages defined by each staining area in the
lesions were 0.25 (control) versus 1 (transgenic) in the
aortic arch and 0.8 (control) versus 1.5 (transgenic) in
the coronary artery.

To further elucidate whether apo(a) contributed to in-
creased SMC proliferation in transgenic rabbits and
whether there was a relationship between apo(a) depo-
sition and lesion quality, we stained the lesions using

Table 3. Comparison of Coronary Atherosclerosis in Transgenic and Control Rabbits

Male Female

Transgenic
(n � 5)

Control
(n � 10)

Transgenic
(n � 6)

Control
(n � 8)

Intimal thickness (�m) 345 � 191* 140 � 111 160 � 74 110 � 83
Lesion size (%) 35.3 � 17.3* 10.3 � 9.1 22.9 � 14.5 15.9 � 13.2

Intimal thickness was measured by calculating the thickest area within each coronary artery.
Lesion size was calculated by dividing total lesion area to lumen area. Values are expressed as mean � SD.
*P � 0.05 versus control rabbits.

Figure 4. Histological and immunohistochemical analyses of aortic atherosclerosis in both transgenic and nontransgenic rabbits. Serial sections of paraffin-
embedded specimens of the aorta arch were stained with either H&E or mAbs against apo(a), apoB, macrophage (M�), and smooth muscle �-actin. The top panel
was from a control rabbit (A) and the lesions of transgenic rabbits were divided into three types according to the lesion features; type 1 lesion (B), type 2 lesion
(C), and type 3 lesion (D) as described in the Results. Original magnification, �40.
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mAb specific for human apo(a). We found that apo(a)
deposition was frequently associated with the lesions in
transgenic rabbits. In general, there were three kinds of
patterns for apo(a) deposition in the lesion based on
histological observation. We arbitrarily classified them as
1) foam cell-rich lesion that was primarily composed of
foam cells similar to that in nontransgenic rabbits; 2) foam
cell/SMC lesions that contained foam cells mainly on the
top and spindle-shaped cells at the bottom; and 3) spin-
dle-shaped, cell-rich lesions that were almost entirely of
spindle-shaped cells (Figure 4; B, C, and D), and that
were presumably immature SMCs (see below).

In the pattern 1 and 2 lesions of transgenic rabbits,
apo(a) was either focally present or uniformly located
beneath the foam cells (Figure 4, B and C). The immu-
noreactive apo(a) was associated with apoB, suggesting
that the apo(a) was directly from plasma Lp(a). Our pre-
vious study also excluded the possibility that apo(a) was
produced de novo by arterial wall.26 In the pattern 3
lesions, however, apo(a) was diffusely distributed around
extracellular matrix and only partially co-localized with
apoB (Figure 4D). Regardless of the apo(a) deposition
patterns, all intimal cells in apo(a)-containing areas were,
almost invariably, not stained by mAb against macro-
phages. They were either negative or only weakly positive
for anti-smooth muscle �-actin staining. We therefore,
initially postulated that these intimal cells in apo(a)-con-
taining areas may be those of immature or dedifferenti-
ated SMCs.

To further examine the phenotype changes of these
intimal SMCs, we performed immunohistochemical
staining using a panel of mAbs for myosin heavy
chains on a spindle cell-rich lesion. A representative
lesion of aortic arch from a transgenic rabbit is shown
in Figure 6. In this lesion, apo(a) deposition was evi-
dent along the bottom of the lesion (Figure 6A). Intimal
cells at the center could not be stained by smooth

muscle �-actin mAb but SMCs located in the superfi-
cial area and in the media were positive for smooth
muscle �-actin mAb (Figure 6B). SM1 antibody could
detect both medial and almost all of the intimal SMCs,
but SM2 antibody stained only mature SMCs from the me-
dia, suggesting that these intimal SMCs were immature
(Figure 6, C and D). To verify this contention, we further
stained the lesions using SMemb mAb, a marker for acti-
vated and immature SMCs, and found that these intimal
SMCs were positive for SMemb mAb (Figure 6E). In paral-
lel, we stained the lesions with mAb against BTEB2, a
transcription factor for SMemb. As shown in Figure 6F, all
intimal SMCs (note the cellular nuclei) but not medial
SMCs were stained by BTEB2 mAb.

Plasminogen and TGF-� Pathway

Previous studies using transgenic mice and cultured
cells proposed that Lp(a) may compete with plasmin-
ogen to bind to fibrin or cell receptor, thereby impairing
the plasmin generation and accordingly, delay the for-
mation of the active form of TGF-�.14 –16 To investigate
whether this mechanism was operating in human
apo(a) transgenic rabbits, we performed immunohisto-
chemical staining using three kinds of specific mAbs
either against both plasminogen and plasmin or plas-
minogen only (Table 1). As shown in Figure 7, there
was very weak staining for plasminogen in both trans-
genic and control rabbits, which did not enable us to

Figure 5. Quantitative analysis for SMCs and macrophages within the ath-
erosclerotic lesions of aortas (left) and coronary arteries (right) of trans-
genic and nontransgenic rabbits. The paraffin-embedded sections of aortic
arch and coronary artery were immunohistochemically stained by mAbs
against smooth muscle �-actin and M�, respectively, and immunostaining
intensity was measured by Macscope image analysis as described in Materials
and Methods. For each analysis, samples of seven transgenic and five non-
transgenic rabbits were used. Data are expressed as the percentage of
immunopositive area within the intima. *, P � 0.05 versus control rabbits.

Figure 6. Smooth muscle cell phenotype changes in transgenic rabbits. Serial
frozen sections were used for immunohistochemical staining. Human apo(a)
was deposited in the lesions. There are many intimal cells at the center of the
lesions. They are negative for smooth muscle �-actin(HHF35) and SM2, but
they are positive for SM1 and SMemb. The nuclei are stained by BTEB2.
Original magnifications: �25 [apo(a)]; �33 (HHF35, SM1, SM2, Smemb, and
BTEB2).
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make a direct comparison of these lesions between
transgenic and control rabbits. Weak staining for plas-
minogen in the lesions was consistently confirmed by
using all three kinds of antibodies listed in Table 1.
However, the tendency was that the immunoreactivity
of the latent form of TGF-�1 was increased but the
active form of TGF-� was reduced in type 3, SMC-rich
lesions in transgenic rabbits compared to foam cell-
rich lesions in both transgenic and control rabbits (Fig-
ure 7). In such lesions, TGF-� receptor II predominated
over TGF-� receptor I (Figure 8).

Fibrinolytic Activity and PAI-1

We further examined the effect of isolated Lp(a) from
transgenic rabbit plasma on euglobulin clot lysis time.
As shown in Figure 9, Lp(a) from transgenic rabbits
apparently delayed the clot lysis at the dose of 0.8 �
6.4 mg/dL compared to control rabbit plasma. Further-
more, transgenic rabbits had higher levels of total
plasma PAI-1 than did nontransgenic rabbits (Figure
10). Immunohistochemical staining showed that in the
lesions, PAI-1 was produced almost by all kinds of
vascular cells including endothelial cells, SMCs, and
macrophages (Figure 10).

Discussion

Development of Atherosclerosis in Transgenic
Rabbits

The results of this study provide further evidence that
Lp(a) increases the susceptibility to atherosclerosis in
transgenic rabbits on a cholesterol-rich diet. Transgenic
rabbits showed uniform enhancement of the lesion size in
all parts of the aortic tree. Compared to nontransgenic
rabbits, in which the lesions were mainly macrophage-
derived foam cells, the lesions of transgenic rabbits were
predominantly enriched in SMCs, suggesting that Lp(a)
promotes the proliferation of SMCs during the lesion de-
velopment of atherosclerosis. All these features were not
documented in the previous studies using transgenic
mice in which human apo(a) was unable to bind to murine
apoB to form Lp(a) in plasma.20 On a high-fat diet, human
apo(a) transgenic mice developed more fatty streaks
(rather than other types of lesions) in the aortic sinus.17

Expression of human apo(a) in transgenic rabbits, how-
ever, aggravated atherosclerosis in all arterial beds ex-
amined, and furthermore, the lesions were characterized
by a marked proliferation of SMCs. Especially noteworthy
in this study was the significant increase of lesions in
muscular arteries, carotid, iliac, and coronary arteries, in
transgenic rabbits compared to control rabbits. This dif-
fuse spatial distribution may mimic the situation in hu-
mans in that high levels of Lp(a) lead to the increased
incidence of coronary, peripheral vascular, and cerebro-
vascular diseases in patients.2

Figure 7. Immunohistochemical staining of plasminogen and TGF-�. Serial
sections of Figure 4, A and D, were stained with mAbs against plasminogen,
latent type of TGF-�, and active type of TGF-�. Plasminogen was barely
stained in both transgenic and control rabbits. In SMC-rich lesions of trans-
genic rabbits, staining intensity for the latent type of TGF-� was relatively
increased, whereas the active type of TGF-� was reduced compared to foam
cell-rich lesions of control rabbits. Original magnification, �40.

Figure 8. Distribution of type I and II TGF-� receptors in transgenic rabbits.
Serial frozen sections were used for histological and immunohistochemical
staining. The lesion is composed of immature SMCs associated with apo(a)
deposition. Immunostaining intensity for type II receptor is stronger than that
for type I receptor. Original magnification, �160.
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Apo(a) Deposition and SMC Proliferation in
Atherosclerosis

We investigated the relationship between apo(a) deposi-
tion and lesion quality. In the lesions of transgenic rab-
bits, human apo(a) was mainly deposited in extracellular
matrix but not apparently associated with foam cells.
Consistent with our previous observation, Lp(a) may not,
if at all, contribute to the formation of foam cells. Of
particular note, apo(a)-deposited areas contained nu-
merous immature SMC-like cells based on the finding
that the lesions were negative or only weakly positive for
smooth muscle �-actin staining. This notion has been
further strengthened by the fact that these SMCs are
negative for SM2 but positive for SM1 and SMemb and a
transcript factor for SMemb, BTEB2 mAbs. SM1 is con-
stitutively expressed at all developmental stages of
SMCs, whereas SM2 is a marker of mature SMCs and
appears only after birth.30,31 On the other hand, SMemb
is an embryonic isoform of myosin heavy chain, the ex-
pression of which is prominent in fetal aorta and normally
down-regulated during development.30 SMemb expres-
sion is up-regulated in immature or activated SMCs such
as neointimal SMCs resulting from vascular injury.32

Taken together, these results indicate that intimal SMCs
in transgenic rabbits are either immature or in the state of
dedifferentiation and resemble those of neointimal syn-
thetic-type SMCs from balloon injury or restenosis after
percutaneous transluminal coronary angioplasty.32 We
thus suggest that Lp(a) may not only stimulate the migra-
tion and proliferation of medial SMCs toward the intima,
but also mediate the phenotypic alteration of SMCs to-
ward an immature state.

Lp(a) and TGF-� Pathway

Several previous studies have demonstrated that human
Lp(a) and apo(a) stimulate the proliferation of SMCs in
vitro through the inhibition of plasminogen activation and
consequent reduction of plasmin.14 In this context, re-
duced generation of plasmin leads to inhibition of latent
TGF-� activation, which is an inhibitor of SMC growth.
Grainger et al14 also showed that in transgenic mice
expressing human apo(a) at the levels of 3.8 mg/dL,
there was approximately threefold less active plasmin in
the vessel wall than that in normal mice and the active
form of TGF-� was significantly reduced.15 In the current
study, we also attempted to examine this hypothesis in
transgenic rabbits using immunohistochemical staining.
Unfortunately, we found that the total contents (as ob-
served by immunostaining intensity) of plasminogen in
the lesions were extremely low and seemingly uncompa-
rable between transgenic and control rabbits. Immuno-
histochemical staining revealed that latent form of TGF-�
tended to be comparatively increased and accompanied
by concomitant reduction of active form of TGF-� in SMC-
rich lesions in transgenic rabbits but not in other lesions
of transgenic and nontransgenic rabbits, suggesting that
the presence of apo(a) deposition in the arterial wall
might, if at all, lead to inhibition of TGF-� activation.

However, one should be cautious in interpreting this ob-
servation in terms of Lp(a)-plasminogen-TGF-�1-SMC
growth scenario derived from immunohistochemical
staining because 1) the cellular components in such
apo(a)-containing areas (SMC-rich) of transgenic rabbits
were substantially different from those of other types of
lesions (macrophage-derived foam cell-rich) in trans-
genic and control rabbits; and 2) the net amounts of
autocrine/paracrine production of TGF-�1 from different
types of cells (SMC versus macrophages) in the lesions
may not be directly compared. Moreover, increased type
II/type I TGF-� receptor ratio as shown in Figure 8 is also
not in favor of the Lp(a)-plasminogen-TGF-�1-SMC hy-
pothesis. It is possible that Lp(a) may stimulate growth of
SMCs via the independent mechanisms from the inhibi-
tion of TGF-� activation.37 Therefore, it is still uncertain
whether Lp(a) has a direct effect on SMC proliferation
and dedifferentiation either dependent on or independent
of the inhibition of TGF-� activation or both.

Lp(a) and Fibrinolysis

The inhibition of plasminogen activation by Lp(a) has also
been suggested to contribute to the development of vas-
cular lesions by inhibiting fibrinolysis. It is of interest that
we found that transgenic rabbits had higher plasma lev-
els of PAI-1 than did nontransgenic rabbits and Lp(a)
isolated from transgenic plasma inhibited the fibrinolytic
process, suggesting that Lp(a) does possess prothrom-
bogenic properties. Furthermore, Lp(a) may enhance the
production of PAI-1 from the arterial wall thereby exacer-
bating this process.38 Although the biological signifi-
cance and relevance of this anti-fibrolytic effect of Lp(a)
to atherosclerosis remains to be defined, these results
suggest that apo(a) transgenic rabbits may be potentially
susceptible to thrombosis and may be specifically useful
for studying pathophysiology of thrombosis.

Transgenic rabbits had similarly high levels of total
cholesterol as did control rabbits on a cholesterol-rich
diet (Table 2). However, atherogenic lipoproteins, �-very
low-density lipoprotein, and intermediate-density lipopro-
tein from transgenic rabbits were markedly enriched in
human apo(a) (Figure 3), and, therefore, it is likely that the
increased amount of human apo(a) in these atherogenic

Figure 9. Effect of transgenic rabbit plasma Lp(a) on fibrinolysis in vitro
using rabbit euglobulin clot assay. Euglobulin clot assay was performed in
microtiter wells and their lysis time was monitored by measurement of
turbidity at 340 nm. The representative data of euglobulin clot assay is
shown. Clots containing indicated contents of transgenic rabbit Lp(a)
showed delayed time for the clot lysis compared to control rabbit plasma
fraction.
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particles was the principal factor underlying the signifi-
cant enhancement in the atherosclerosis and impaired
fibrinolytic activity in these animals. Enrichment of apo(a)
might increase the binding of these lipoproteins to pro-
teoglycans with the arterial wall intima,22 leading to the
retention of atherogenic lipoproteins in the intima, thus
accelerating atherogenesis. We recognize that the major
atherogenic lipoproteins in cholesterol-fed rabbits are
those of hepatic remnant lipoproteins, �-very low-density
lipoprotein, whereas in humans, LDLs are the main
atherogenic lipoproteins. It is necessary to have an ap-
propriate animal (human-like) model in which both Lp(a)
and LDL levels are elevated. Currently, we have gener-
ated WHHL transgenic rabbits that express higher levels
of Lp(a) than normal transgenic rabbits and have ele-
vated LDL levels,28 as in human familial hypercholester-
olemia. In humans, the risk of elevated Lp(a) concentra-
tions is significantly increased in patients who also have

high levels of LDL cholesterol.39,40 Therefore, it may be
particularly interesting to use WHHL transgenic rabbits to
address several issues related to pathophysiological
functions of Lp(a) in both atherosclerosis and thrombosis
and also to test pharmacological intervention to lower
Lp(a) to inhibit the progression of atherosclerosis.

In summary, we have shown that human apo(a) trans-
genic rabbits develop more extensive atherosclerosis
than normal rabbits in the aorta, iliac artery, carotid ar-
tery, and coronary artery in response to a cholesterol-rich
diet. Increased atherosclerosis in transgenic rabbits is
associated with SMC proliferation and dedifferentiation,
possibly related to impaired fibrinolytic activity. Although
the molecular mechanism underlying this effect remains
to be elucidated, the current results favor the notion that
Lp(a) enhances the lesion progression of atherosclerosis
by modifying the SMC phenotype.
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